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The exclusive photoproduction of Υ(nS) states were calculated in ultra-peripheral collisions for
coherent and incoherent process in PbPb at
√
sNN= 5.5 TeV. Different dipole models were compared
in the theoretical framework of light-cone color dipole formalism. Moreover, it was calculated the
differential cross section for the Upsilon states and their total cross section for two intervals of
rapidity: |y| ≤ 4 4 and 2 ≤ y ≤ 4.5. A systematic study is done on the theoretical uncertainties
associated to the production and predictions are presented for the first time for the incoherent cross
section of the radially excited states.
PACS numbers: 12.38.Bx; 13.60.Hb
I. INTRODUCTION
The study of exclusive meson photoproduction in UPC
[1] is an essential tool to understand the low-x physics and
also to investigate the gluon density in this regime. In
the UPC case, the exclusive photoproduction dominates
the process through the emission of quasi-virtual pho-
tons which interact with the target. The photon-target
interaction amplitude, when considering the light-cone
dipole formalism [2], can be written as a convolution be-
tween the photon-meson wave functions overlap and the
elementary dipole-target cross section [3]. In addition,
the process considered here is quasi-elastic, Q2 ≈ 0, and
in the region of small-x, the gluon density may increase
to the point where gluon fusion, gg → g, becomes sig-
nificant. This kind of fusion produces nonlinear effects
in the evolution equations. For instance, at mid-rapidity
the typical value of Bjorken variable is x = mΥ√sAA ' 10−3
for PbPb collisions at the LHC. Differently from DGLAP
equations which is a linear equation, dipole models in-
corporate linear and non-linear effects[4]. In pQCD the
exclusive meson photoproduction has a differential cross-
section ∝ [xg(x,Q2)]2, where the gluon distribution func-
tions do not take into account the effects of saturation
since they are evolved by DGLAP equations. The inclu-
sion of parton saturation and nuclear effects are crucial in
describing even the experimental observations in heavy-
ion collisions at RHIC (for instance, see Ref. [5]). Within
the color dipole approach one can introduce information
on dynamics beyond the leading logarithmic QCD ap-
proach for meson production and computing predictions
for the radially excited states is a reasonably easy task
[3]. From the experimental point of view, the considered
process is quite clear due to the presence of two rapidity
gaps. The rapidity gap describes a region between the
axis beam and the decay of meson (e+ + e−, µ− + µ+)
free of particles. In this way, the experimental obser-
vation of this kind of quasi-diffractive process is facil-
itated. In addition, the absorption corrections in this
case is not strong as in the corresponding final state in
proton-proton collisions.
In this work, we investigate the exclusive (coherent and
incoherent) production of Υ(1S) and its radially excited
states Υ(2S) and Υ(3S) in PbPb collisions for LHC en-
ergy. In a previous work [6] the coherent photoproduc-
tion of Υ states at various energies in pp, pPb PbPb
collisions at the LHC has been considered. Those cal-
culations were carried out in the theoretical framework
of the color light-cone dipole formalism [2] and focused
only on the coherent channel where the initial state par-
ticles remain intact after interaction. It was shown that
the corresponding predictions describe correctly the ex-
perimental results from LHCb Collaboration [7] for Υ
photoproduction in pp collisions. Those data were ob-
tained for typically large rapidities and the x-values to
be covered are increasingly smaller for forward rapidi-
ties. We roughly get x = mΥ√sAA e
−y ' 8 × 10−5 at y = 3
and it is clear that gluon dynamics is being probed at
extremely low-x and low perturbative scales µ2 ' 20
GeV2. This kinematical range is in the limit of appli-
cation of usual pQCD and saturation approach should
be relevant. For nuclear targets, the nuclear saturation
scale Q2sat,A ' cA1/3Q2sat,p (with c ' 0.3) reaches 2 GeV2
in those cases [8]. The main novelty in current work is
the detailed study of the incoherent cross section for the
upsilon states. This is quite important, as it was pointed
out that incoherent diffraction probes the fluctuations in
the interactions strengths of multiparton Fock states in
the nuclear wavefunctions [9]. The connection between
incoherent diffraction and fluctuations is a quite rich sub-
ject and the pioneering works are found in Refs. [10].
Recently, the topic is very active and we call attention to
the following works [11, 12].
The paper is organized as follows. In the next sec-
tion we give the main theoretical information to obtain
the rapidity distribution of coherent and incoherent pro-
duction of Υ(1S, 2S, 3S) states in PbPb collisions for the
future LHC run and energies close to the run2. The main
motivation is the successful description of experimental
results measured by LHCb Collaboration [7] for Υ(1S)
in pp collisions. In the section III we present the phe-
nomenological calculations, discuss the main theoretical
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2uncertainties and a comparison with other approaches is
performed. For instance, we compare the present calcu-
lation to the predictions available using the STARlight
Monte Carlo [13, 14]. Finally, we show the main conclu-
sions.
II. THEORETICAL FRAMEWORK
The exclusive meson photoproduction in nucleus-
nucleus collisions can be factorized in terms of the equiva-
lent flux of photons of the nucleus projectile and photon-
target production cross section [1]. In UPCs there is the
absence of strong interactions between the projectile par-
ticle and the target. In this case the reaction is charac-
terized by impact parameter > 2 RA and as the interac-
tion is ultra-relativistic and purely electromagnetic, one
can use the Weizsa¨cker-Williams approximation [1]. The
photon energy spectrum, dNAγ /dω, which depends on the
photon energy ω, is well known [1]. The rapidity distri-
bution for Υ states photoproduction in AA collisions can
be written down as,
dσ
dy
(AA→ A⊗Υ(nS)⊗ Y ) =
[
ω
dNAγ
dω
σ(γA→ Υ(nS)Y )
+ (y → −y)] , (1)
where the photon flux in nucleus is denoted by dNAγ /dω
and Y = A (coherent case) or Y = A∗ (incoherent case).
The symbol ⊗ denotes the large rapidity gap between the
produced meson and the final states nucleus.
The produced state with mass mV has rapidity y '
ln(2ω/mV ) and the square of the γA centre-of-mass en-
ergy is given by W 2γA ' 2ω
√
s. The photon-Pomeron in-
teraction will be described within the light-cone dipole
frame, where the probing projectile fluctuates into a
quark-antiquark pair with transverse separation r (and
momentum fraction z) long after the interaction, which
then scatters off the hadron. The cross section for exclu-
sive photoproduction of Υ states off a nucleon target is
given by,
σ(γp→ Υ p) =
∣∣∣∑h,h¯ ∫ dz d2rΨγh,h¯σdip(x, r) ΨV ∗h,h¯∣∣∣2
16piBΥ
,(2)
where Ψγ and ΨV are the light-cone wavefunction of the
photon and of the vector meson (V = Υ), respectively.
The dipole-proton cross section is denoted by σdip(x, r)
and the diffractive slope parameter by BV . In this con-
text, we are implicitly assuming that the proton shape
is Gaussian and that the impact parameter dependence
factorizes out from the dipole-nucleon scattering ampli-
tude. Here, we consider the energy dependence of the
slope using the Regge motivated expression [6].
The exclusive photoproduction off nuclei for coherent
and incoherent processes can be simply computed in high
energies where the large coherence length lc  RA is
fairly valid. The expressions for both cases are given by
[15],
σ(γA→ ΥA) =
∫
d2b
∣∣∣∣∣∣
∑
h,h¯
∫
dz d2rΨγ
h,h¯
ΨV ∗h,h¯
×
[
1− exp
(
−1
2
σdip(x, r)TA(b)
)]∣∣∣∣2 ,
σ(γA→ ΥA∗) =
∫
d2b
TA(b)
16pi BV
∣∣∣∣∣∣
∑
h,h¯
∫
dz d2rΨγ
h,h¯
ΨV ∗h,h¯
× σdip(x, r) exp
[
−1
2
σdip(x, r)TA(b)
]∣∣∣∣2 ,
where TA(b) =
∫
dzρA(b, z) is the nuclear thickness func-
tion. In the numerical evaluations, we have consid-
ered the boosted Gaussian wavefunction and several phe-
nomenological saturation models, which encode the main
properties of the saturation approaches. Accordingly, the
cross sections above include both the skwedness and real
part of amplitude corrections. Namely, we multiply the
result above by K2 = R2g(1+β
2), where β = tan(piλef/2)
is the ratio of real to imaginary parts of the scattering
amplitude and Rg incorporates the off-forward correction
(see [6] for details). The effective power on energy, λef is
determined for each case. In order to take into account
the threshold correction for the dipole cross section, we
have multiplied them by a factor (1− x)7.
Finally, we set the parameters and phenomenological
models to be considered in next section. For the slope
parameter it was considered the energy dependency from
the Regge phenomenology [6],
BΥ = b
Υ
el + 2α
′log
(
W 2γA
W 20
)
(3)
with α′ = 0.164 GeV−2, W0 = 95 GeV, b
Υ(1S)
el = 3.68
GeV−2, bΥ(2S)el = 3.61 GeV
−2 and bΥ(3S)el = 3.57 GeV
−2.
It will be taken into account only for the incoherent cross
section. For the meson wavefuntion, we will use the
Boosted-Gaussian model [16] because it can be applied in
a systematic way for excited states. The corresponding
function is given by [17],
φnS(r, z) =
[
n−1∑
k=0
αnS,kR
2
nSDˆ
2k(r, z)
]
GnS(r, z), (4)
with αnS,0 = 1. The operator Dˆ
2(r, z) is defined by
Dˆ2(r, z) =
m2f − ( 1r∂r + ∂2r )
4z(1− z) −m
2
f , (5)
and it acts on the following generatrix function
GnS(r, z) = NnS z(1− z) exp
(
− m
2
fR2nS
8z(1− z)
− 2z(1− z)r
2
R2nS
+
m2fR2nS
2
)
. (6)
3The main physical quantity is the dipole scattering
cross section. We consider the following phenomenolog-
ical models in our analysis: GBW [18], CGC [19] and
BCGC [20]. The GBW model is defined by the eikonal
shape for the dipole cross section,
σGBWqq¯ (x, r) = σ0
(
1− e−r2Q2s(x)/4
)
, (7)
where σ0 = 2piR
2 is a constant and Q2s(x) = (x0/x)
λ
GeV2 denotes the saturation scale. We also consider
the CGC model [19], based in the Color Glass Conden-
sate framework, in which gluon saturation effects are in-
corporated via an approximate solution of the Balitsky-
Kovchegov equation [4]. The expression for the CGC
model is given by,
σCGCqq¯ (x, r) = σ0
N0
(
rQs
2
)γeff (x,r)
: rQs ≤ 2
1− e−Aln2(BrQs) : rQs > 2
where γeff (x, r) = 2 (γs + (1/κλ ln(1/x))ln(2/rQs)) is
the effective anomalous dimension and one has the con-
stant κ = 9.9.
In order to investigate the theoretical uncertainty as-
sociated to the models for the dipole cross section, we
use the original values (OLD label) of parameters for the
fits including the charm contribution. That is, for GBW-
OLD we follow Ref. [18], for CGC-OLD Ref. [21] is con-
sidered and bCGC-OLD refers to Ref. [20]. The bCGC
model uses the same functional form of Eq. (8) and re-
places the saturation scale in the following way: Q2s(x)→
Qs(x, b)
2 = (x0/x)
λ exp[−b2/(2γsBCGC)]. Moreover, we
consider the updated version of those models, GBW-
NEW [12], CGC-NEW [22] and bCGC-NEW [22], re-
spectively. A comment is in order here: the GBW-NEW
parametrization is very different from other color dipole
fits, as it includes energy evolution of the subnucleonic
shape of the proton and it can potentially significantly
affect the incoherent cross section. In particular, GBW-
OLD and GBW-NEW are qualitatively very different and
GBW-NEW was not fitted to all F2 small-x data (DESY-
HERA) as discussed in details in Ref. [12].
III. RESULTS AND DISCUSSIONS
Let us start the analysis by computing the theoret-
ical predictions for the coherent process for PbPb col-
lisions at 5.5 TeV. Here, we disregard any absorptive
corrections. In Figure 1, it is presented the results for
photoproduction of Υ states, including its radial exci-
tations, taking into account the different models pre-
sented in the last section. The theoretical uncertainty
is relatively large, being of order 15 % for the 1S state
(similar for the remaining 2S and 3S states). We could
have an additional uncertainty related to the vector me-
son wave function, however in Ref. [23] it was shown
that this is not the case for Υ states (the overall theo-
retical uncertainty is within the experimental error bars
TABLE I: Integrated cross section (in units of µb) for coherent
reactions, PbPb → PbΥPb, for full rapidity coverage (and
forward rapidities). Here, we consider the updated versions
of dipole cross sections.
process: PbPb
√
s = 5.5 TeV |y| ≤ 4 (2 ≤ y ≤ 4.5)
Υ(nS) GBW CGC b-CGC
Υ(1S) 163.7 (60.8) 171.9 (63.8) 143 (53.1)
Υ(2S) 20.3 (7.8) 22.0 (8.2) 20.5 (7.7)
Υ(3S) 10.3 (3.9) 11.9 (4.3) 10.9 (4.1)
in pp case [7]). For the main contribution, we have
dσcoh/dy (y = 0) = 18.5 ± 3.5 µb for Υ(1S). The rel-
ative contribution of the excited states compared to the
bound states is Υ(1S)/Υ(2S)/Υ(3S) = 1/0.17/0.09. We
see that the relative normalization and the overall behav-
ior is changed mostly at mid-rapidity when comparing
the old and updated versions of the dipole cross sections
(the deviation at large rapidities is less evident). No-
tice that the LHCb data for upsilon production in pp
collisions is reproduced by all the models in the forward
region [7] as shown in Ref. [6]. Therefore,the current
level of the experimental uncertainties does not allow us
to make definitive statements about the precision of the
models considered. For sake of completeness, we present
the integrated cross sections considering distinct cuts on
rapidity. In Table I, we present the results for the full
rapidity coverage, −4 < y < 4, and forward rapidities,
2 ≤ y ≤ 4.5. In both tables I and II, we present only the
updated versions of the dipole cross sections. For sake
of completeness, we present the ratio of the cross sec-
tions, σ(γA → Υ(nS)A)/σ(γA → Υ(1S)A), as a func-
tion of the photon-nucleus centre-of-mass energy, WγA.
We present in Fig. 2 the result using the bCGC-NEW
and GBW-NEW dipole cross sections. It was verified
that the CGC-NEW result is quite similar to the bCGC-
NEW one. We see a relative energy dependence, follow-
ing the same trend as for the ψ(nS) states [24].
We now focus on the incoherent reaction, PbPb →
PbΥPb∗. This is a new contribution to the literature
concerning the upsilon production. The rapidity distri-
bution is shown in Fig. 3 using the same notation as the
previous figure. As already known, the incoherent cross
section is smaller than the coherent one. The typical
ratio is (dσinc/dy)/(dσcoh/dy) ' 0.2. For instance, we
obtain dσinc/dy (y = 0) = 3.75± 1.25 µb for Υ(1S). The
theoretical uncertainty seems to be larger than in the co-
herent case. The integrated cross sections are shown in
Table II in the rapidity ranges |y| ≤ 4 and 2 ≤ y ≤ 4.5.
The calculations performed above can be compared to
another theoretical approaches available in the literature.
Let start comparing them to the STARlight Monte Carlo
[13]. For the coherent production, the predictions for the
Υ state ratios are lower that STARlight results. As dis-
cussed in Ref. [6], the possible origin comes from the
extrapolation of HERA-DATA and taking a fixed ratio
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FIG. 1: Exclusive coherent photoproduction of Υ(1S, 2S, 3S) in PbPb at
√
s = 5.5 TeV for GBW, CGC and bCGC dipole
models.
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FIG. 2: The ratio of the cross sections, σ(γA →
Υ(nS)A)/σ(γA → Υ(1S)A), as a function of WγA for the
parametrizations bCGC-NEW and GBW-NEW.
TABLE II: Integrated cross section (in units of µb) for inco-
herent reactions, PbPb→ PbΥPb∗, for full rapidity coverage
(and forward rapidities).Here, we consider the updated ver-
sions of dipole cross sections.
process: PbPb
√
s = 5.5 TeV |y| ≤ 4 (2 ≤ y ≤ 4.5)
Υ(nS) GBW CGC b-CGC
Υ(1S) 61.2 (25.6) 58.5 (24.4) 44.5 (18.6)
Υ(2S) 8.2 (3.4) 8.0 (3.4) 6.9 (2.9)
Υ(3S) 4.2 (1.8) 4.2 (1.8) 3.8 (1.6)
for the distinct states in the Monte Carlo, whereas in
current case the evolution on energy is dynamically gen-
erated by the parton saturation approach models and
mostly by the meson wavefuntions for the radially ex-
cited states. The nuclear effects are also computed in
a different way in the two formalisms. In STARLight,
the nuclear shadowing is calculated using vector meson
dominance (VDM) plus Glauber model for hadronic col-
lisions. In our case, shadowing comes from the multi-
ple scatterings of color dipoles and is described by the
Glauber-Gribov approach. We verified that our results
are also smaller that in Ref. [13], which can be related to
more shadowing in color dipole models compared to the
VDM+Glauber approach. In Ref. [25] only the coher-
ent contribution was computed and the theoretical un-
certainty we have found in the color dipole approach is
comparable to perturbative QCD formalism. Concerning
similar dipole calculations, more recent investigations are
available in Refs. [23, 26]. In Ref. [26] only the coherent
Υ(1S) production has been considered at 5.02 TeV. The
results are smaller than ours and the main reason is the
wavefunction chosen (Light Cone Gaussian wavefunction
which gives smaller overall normalization compared to
Boosted Gaussian one). The authors in [26] did not in-
vestigated the theoretical uncertainty associated to the
wavefunction and dipole cross sections as well (only the
uncertainty coming from one model for dipole cross sec-
tion was addressed). In Ref. [23] the theoretical uncer-
tainty for the coherent and incoherent cross section was
investigated. However, predictions for higher energies in
PbPb collisions were not presented and only the Υ(1S)
state was considered (the results are consistent with ours
in that case). Finally, we did not consider photonuclear
breakup in the present study. We will consider them
in future analysis as they are important and the distinct
channels have been measured for ρ and J/ψ photoproduc-
tion in UPCs [27, 28]. This sort of analysis was recently
done in Ref.[29], where the coherent Υ(1S) production
was considered using a pQCD model with NLO accu-
racy. An important point discussed in [29] is that the
large y region gives the dominant contribution for 0nXn
and XnXn channel and they probe larger photon-target
centre-of-mass energy than the case without neutron tag-
ging.
IV. SUMMARY
We presented the predictions of rapidity distribution
and integrated cross sections for the Υ(1S, 2S, 3S) states
for the LHC run 2 energies. The rapidity intervals used
in total cross section were selected to match with the
rapidity coverage of LHCb and ALICE detectors both
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FIG. 3: Exclusive incoherent photoproduction of Υ(1S, 2S, 3S) in PbPb at
√
s = 5.5 TeV for GBW, CGC and bCGC dipole
models.
covering 2 ≤ y ≤ 4.5. The main contribution is the com-
putation of the incoherent cross section within the color
dipole approach and Glauber-Gribov treatment of nu-
clear shadowing. The cross section for the excited states
are also calculated in a consistent formalism where the
wavefunction of 2S and 3S states are theoretically well
constrained. The usual procedure in the literature in-
volves only an extrapolation of DESY-HERA production
ratios to the LHC energies. Our calculations are directly
comparable to the STARLight calculation, where distinct
procedures are involved in the computation of nuclear
shadowing (VDM plus Glauber model versus color dipole
plus Glauber-Gribov approach) and how to obtain the in-
coherent cross section.
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